damaging MC3R variants. In addition, 1 patient with NAFLDrelated cirrhosis was compound heterozygous for rare damaging mutations in PNPLA3 . Conclusions: These results indicate that analyzing candidate loci previously identified by GWAS analyses using whole-exome sequencing is an effective strategy to identify potentially causative missense variants underlying extreme obesity and NAFLD-related cirrhosis.
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Introduction
Based upon heritability and linkage studies, genetic variation plays a strong role in obesity [1, 2] and related comorbid conditions including nonalcoholic fatty liver disease (NAFLD) [3] . Recently, genome-wide association studies (GWAS) have identified single nucleotide polymorphisms (SNPs) in or near a number of genes that are related to increased body mass index (BMI) [4] [5] [6] as well as NAFLD [7] . However, the designs used in most GWAS only address the common variant-common disease hypothesis, and while they have revealed new pathways leading to obesity, they do have limitations [8] and do not address the role of rare variants. Mutations have been ob-served in certain families with extreme obesity [9] , and rare variants located in genes responsible for familial obesity have been identified in sporadic patients with extreme obesity [10] . We and others have found rare variants in sporadic cases of extreme obesity in genes that have previously been associated with monogenic obesity [11, 12] .
The common variants associated with obesity and NAFLD identified through GWAS have relatively small effect sizes. In contrast, rare variants are more likely to have direct functional consequences and a larger impact on the obesity and NAFLD phenotypes [13] . Rare alleles may also be useful for providing additional and novel insights into the mechanisms underlying the etiology of obesity and NAFLD [10] . The common variants found to be associated with obesity and NAFLD through GWAS are also for the most part located in intergenic or intronic regions; thus, they are assumed to serve only as markers that are linked to a given gene or region. Further mapping studies may be needed to identify the underlying causative variants. Lower frequency and missense genetic variants are not well represented in most commercial GWAS platforms, but are accessible through direct sequencing approaches. In addition, different study designs may be used to identify rare variants. Individuals who are at the extreme of the BMI distribution are ideal for such studies [14] since individuals at the extremes of BMI have been reported to carry a higher burden of obesity risk alleles [15] .
We hypothesized that missense mutations in candidate genes previously identified through GWAS associated with obesity and NAFLD may be present in patients with extreme obesity as well as nonalcoholic steatohepatitis (NASH)-related cirrhosis, the most advanced manifestation of NAFLD. Here, we used next-generation whole-exome sequencing of an extreme trait design to identify variants in candidate genes shown by GWAS to be associated with obesity and NAFLD, as well as selected candidate genes in known obesity-and NAFLD-related pathways.
Methods

Study Population
Patients were recruited through the Geisinger Medical Center for Nutrition and Weight Management and were prospectively enrolled into a clinical research program in obesity. The research was approved by the Institutional Review Board of the Geisinger Clinic and all patients provided informed consent. A total of 6 of the heaviest nondiabetic patients (BMI range 78.5-94.3) on whom DNA was available and 4 extremely obese patients (BMI range 52-66) with cirrhosis related to NAFLD were selected from a cohort of over 2,000 patients on whom a database of clinical variables was available [16] . Only Caucasians of clinically determined European descent were included; non-Caucasians comprised approximately 3% of the initial study population and were excluded. Genomic DNA was isolated from patient whole-blood samples as previously described [17] .
Whole-Exome Sequencing
A total of 5 μg of DNA per sample at a concentration of ≥ 100 ng/μl with a A260/A280 of ≥ 1.8 and passing quality and concentration analysis using a 1% agarose gel was sent for sequencing to Perkin Elmer DNA Sequencing and Analysis Services (Branford, Conn., USA). The Agilent SureSelect Human All Exon was used for target enrichment. Sequencing of paired-end libraries was performed using a Illumina HiSeq 2000 Sequencer. The sequencing chemistry used was the Illumina cBot clustering chemistry version 1.0 and Illumina HiSeq chemistry version 1.0.
Data Analysis
The human genome version 37.1 was used as the reference sequence. Alignment indexing and reference-based mapping was performed using BWA version 0.5.8c. SAM to BAM conversion, sorting and indexing of BAM files, and variant calling were performed using SAMtools version 0.0.11. Coverage metrics were calculated using GATK version 1.0.3825. The pileup (variant calls) file was filtered to only include variants called with a mapping quality ≥ 20.
Both Geospiza GeneSifter software and Integrated Genome Viewer 2.1 (Broad Institute) were used for annotation, visualization, and result filtering. Genes replicated in previous GWAS, including fat mass and obesity-associated (FTO) gene, melanocortin 4 receptor (MC4R) , transmembrane protein 18 (TMEM18) , glucosamine-6-phosphate deaminase 2 (GNPDA2) , brain-derived neurotrophic factor (BDNF) , neuronal growth regulator 1 (NEGR1) , SH2B adaptor protein 1 (SH2B1) , ets variant 5 (ETV5) , mitochondrial carrier 2 (MTCH2) , and potassium channel tetramerization domain-containing 15 (KCTD15) [4] , were analyzed for nonsynonymous variants, as well as several genes associated with obesity phenotypes/pathways, including melanocortin 3 receptor (MC3R) [18] , melanocortin 1 receptor (MC1R) [19] , leptin (LEP) and leptin receptor (LEPR) [9] , and the family of BardetBiedl syndrome (BBS) genes (BBS1-12) of which the phenotypic spectrum in patients with BBS1 mutations includes severe obesity [20] . We also analyzed genes previously implicated in NAFLD through GWAS, including patatin-like phospholipase domaincontaining 3 (PNPLA3) , protein phosphatase 1, regulatory subunit 3B (PPP1R3B) , neurocan (NCAN) , lysophospholipase-like 1 (LYPLAL1) , and glucokinase (GCK) [7] . Gene sifter software was used for variant calling followed by manual curation of each patient's alignments using Integrated Genome Viewer 2.1. PolyPhen-2 (Polymorphism Phenotyping version 2) and PROVEAN (Protein Variation Effect Analyzer version 1.1) were used to predict potential impact of an amino acid substitution on the structure and function of the corresponding protein using amino acid sequences from UniProtKB/UniRef100 (release December 14, 2011), structures from PDB/DSSP Snapshot (release January 3, 2012; 78,304 entries), and UCSC MultiZ multiple alignments of 45 vertebrate genomes with hg19/GRCh37 human genome (release Oc-Hum Hered 2013;75:144-151 DOI: 10.1159/000351719 146 tober 8, 2009). PolyPhen-2 calculates a Bayes posterior probability that a given mutation is damaging [21] , while PROVEAN computes a delta alignment score based upon sequence identity [22] . We used the HumDiv score report, which estimates the chance that the mutation is classified as damaging when it is indeed damaging as classified against known mutations in the selected databases.
Results
Patient Data
We performed whole-exome sequencing on 6 Caucasian patients with extreme obesity with a mean BMI of 84.4 (range 78.5-94.3) and a weight range of 220-274 kg, representing the far extreme of the human body weight distribution ( table 1 ) . Samples from 4 patients with NAFLD-related cirrhosis were also sequenced. The melanocortin 4 receptor (MC4R) genes of all of these patients had been previously sequenced [11] and found to not contain any nonsynonymous variants, thereby excluding this common genetic form of obesity [23] .
Sequence Statistics
The number of sequence reads that were evaluable for mapping ranged from just over 65 million to over 81 million ( table 2 ) . The number that were mapped to the reference genome ranged from just over 63 million to over 80 million or at least 97% of the total number of reads. The average percentage of mapped reads was 97.8%, slightly greater than the 96.6% previously reported for Agilent target enrichment [24] . All coding regions of the selected genes had sequence coverage, except for the first coding exons of the FTO, BDNF, SH2B1, and MTCH2 genes. After filtering for >8× coverage, just over 45,000 potential missense and nonsense variants were identified in the 10 patients, with >80% already present in SNP databases. The extent of this number of single nucleotide variations is consistent with recent data from the 1000 Genomes Project [16] .
Sequence Data
Sequence data from the patients with extreme obesity was analyzed for novel and for known single nucleotide variations resulting in missense mutations as well as splice site mutations and insertions and deletions that could cause frame shift and premature termination in the FTO , TMEM18 , GNPDA2 , BDNF , NEGR1 , SH2B1 , MTCH2 , KCTD15 , POMC , LEP , LEPR , MC3R , MC1R , and the known BBS genes. Known and novel missense variants are shown in table 3 . All patients carried at least 1 variant that had been previously reported in the NIH dbSNP database and assigned a reference SNP ('rs') ID number variant in at least 1 of these genes. Five of the 6 patients carried at least 1 novel variant in at least 1 of the genes, which included the BBS1 , BBS4 , MC1R , NEGR11 , and TMEM18 genes. One MC1R variant, the TMEM variant, and both BBS1 variants were predicted to be moderately to severely damaging by both PolyPhen-2 and PROVEAN analyses, while the other novel variants were predicted to be benign. A relatively low-frequency benign MC3R variant was found in 3 patients and 1 rare MC3R -damaging variant was found in 1 of these patients. Interestingly, no missense variants were found in the FTO , GNPDA2 , BDNF , MTCH2 , KCTD15 , POMC , LEP , and the other BBS genes.
Five of the 6 patients were homozygous for at least 1 variant, although the gene frequencies of the BBS4 and SH2B1 , and 1 MC1R and LEPR homozygous variant, were greater than 0.35 in the HapMap CEU population. Five of 147 the 6 patients were compound heterozygotes for MC1R variants (the 6th a heterozygote), while 4 of 6 were compound heterozygous for LEPR variants (a 5th heterozygous). Two patients were compound heterozygous for BBS4 variants (3 more heterozygous). One patient carried 2 novel BBS1 variants suggesting compound heterozygosity, although we cannot determine whether the 2 variants are in a cis versus trans configuration. Sequence data from the patients with NASH-related cirrhosis were analyzed for novel and known missense All patients carried at least 1 variant that had been previously reported in the NIH dbSNP database in at least 1 of these genes. Two of the 4 patients carried a novel variant in the LYPLAL1 gene, which was predicted to be benign by PolyPhen. Known variants were identified in the GCKR , LYPLAL1 , and PNPLA3 genes. One patient was compound heterozygous for 3 PNPLA3 variants, 2 of which were predicted to be severely damaging mutations.
Discussion
A number of loci have been identified through GWAS to be associated with obesity. No studies to date have systematically analyzed these GWAS obesity genes for missense variants in obese patients. We employed a wholeexome next-generation sequencing strategy using an extreme-trait design. The power of whole-exome sequencing lies in the efficiency with which specific genes may be analyzed simultaneously, rather than a gene-by-gene approach. However, because our study was not sufficiently powered to demonstrate statistical association of new or novel genes and variants, we restricted analysis to genes previously demonstrated to be associated with obesity and NAFLD. The extreme-trait design was used to increase the power to enrich for rare obesity risk alleles [14] . Although other studies have followed a similar design [10, 15, 25, 26] , ours is the first to use whole-exome sequencing for extreme obesity.
No missense variants were identified in the FTO , GN-PDA2 , BDNF , MTCH2 , KCTD15 , POMC , LEP , and BBS2 , BBS3 , or BBS5-12 genes. These results have potential implications for the potential roles of the SNPs associated with obesity identified by GWAS, as well as the obesity candidate genes we analyzed. Without linkage to missense variants, at least in patients with extreme obesity, the GWAS SNPs rather may play roles in the regulation of gene expression. These roles could be complex, such as disrupting transcription factor binding sites, altering expression of microRNAs, etc. The recent data generated from the ENCODE project [27] may be useful in helping to identify the functional effects of the GWAS SNPs not linked to missense variants. Similar issues pertain to the absence of missense variants in obesity candidate genes. Most of the obesity genes are thought to play a role in the central nervous system, further complicating mechanistic studies. In addition to MC4R , MC3R , LEP , LEPR , and POMC , the GWAS genes FTO , TMEM18 , KCTD15 , SH2B1 , GNPDA2 , and NEGR1 are expressed at high levels in the brain and hypothalamus [4] .
Despite the lack of missense variants in a number of the genes, 5 of the 6 patients with extreme obesity were homozygous for at least 1 missense variant, including known and common variants in BBS4 and SH2B1 , 1 in MC1R , and 1 in LEPR . This was not surprising given the high frequencies for these known variants. Five of the 6 patients were compound heterozygotes for MC1R variants (the 6th a heterozygote). Although MC1R is not known to be highly expressed in the central nervous system, it does exhibit expression in adipose tissue [28] and the liver [29] , suggesting a potential role in obesity. Novel and rare variants were found in the obesity candidate genes BBS1 and MC3R . One patient carried a pair of novel damaging variants in the BBS1 gene and 1 novel damaging and 1 common nondamaging variant in the MC3R gene. Available clinical data indicated that, in addition to severe obesity, this patient was diagnosed with, and being treated for, asthma, a relatively common manifestation of the ciliopathy disorder Bardet-Biedl syndrome [30, 31] . BBS proteins are involved in the function of cilia and likely contribute to asthma due to defects in the cilia of airway epithelium [32] . The obesity phenotype, another common feature of Bardet-Biedl syndrome, may be influenced by functional effects from both genes. Obesity in Bardet-Biedl syndrome is associated with a specific defect in leptin effects on POMC neurons [33] . In POMC neurons, leptin causes increased neuronal firing and concomitantly increased POMC gene expression, therefore increasing α-MSH , an agonist of the melanocortin 3 receptor. In this patient, multiple affected components in this pathway may contribute to the pathogenesis of the extreme obesity phenotype.
Similar findings were found for 1 of the patients with NASH-related cirrhosis, who was compound heterozygous for the well-characterized I148M NAFLD predisposing variant in PNPLA3 [34] and a rare but damaging V162M variant in PNPLA3 . Given the known association of the PNPLA3 I148M variant and fibrosis [35] , this combination of 2 damaging mutations in the PNPLA3 gene is likely a strong predisposing factor for the development of this patient's NASH-related cirrhosis.
Despite its massively parallel nature, a variety of technical issues can affect next-generation sequencing analysis. Random drop-out, which can result when only 1 allele is selectively amplified, can result in allelic bias and artifactual homozygosity. Next-generation library preparation methods such as those used here employ such amplification steps [24] . Such low-frequency artifacts should be minimized with paired-end reads that we generated. We found that only 8/39 of the obesity variants and 2/10 of the NAFLD cirrhosis variants were homozygous. A potential bias in the opposite direction is enrichment for the reference sequence during the exon capture procedure resulting in false negatives, i.e. missing novel genetic variants because the variant will not hybridize as well to the capture oligonucleotide. The Agilent exon capture reagents consist of long oligonucleotides that are long enough to hybridize even in the context of significant mismatches. Another drawback to exome capture is that not all bases will be captured with equal efficiency. While variation across regions was apparent, we used minimum quality scores to exclude variants from low-coverage regions.
Our study was conducted only in patients with extreme obesity; thus, the findings may not be relevant to patients at lower, though still obese, BMI levels. Future studies employing larger sample sizes and individuals with normal body weights will be needed to establish the frequency and association of novel genes and variants with extreme obesity. Previous studies have found that individuals with extreme obesity carried more alleles associated with increased BMI [15] , but that there was no evidence for homozygosity associating with extreme obesity, suggesting that extreme obesity constitutes a phenotypic extreme of the normal-weight population, and not a collection of isolated familial obesity syndromes. Our results are consistent with this observation. Thus, only 1 of the 6 patients with extreme obesity and 1 of the 4 cirrhotic patients had mutations that could be plausibly contributing to their extreme phenotypes. The novel variants we identified were also from individuals of European ancestry; thus, they may not be found in a non-Caucasian population.
Whole-exome sequencing also does not detect most structural variants, such as large deletions or duplications that may be relevant to extreme obesity, such as the previously reported 16p11.2 deletion [26] . The whole-exome capture step also only targets those sequences that are in the capture reagents. Potential variants lying within untargeted exons will not be identified. To overcome this limitation, whole-genome sequencing may be an alternative method. This approach uses total DNA and does not attempt to capture specific regions. However, the large amount of sequence data that must be generated increases the cost for the same amount of coverage of exonic regions. The additional nonexonic data are also difficult to interpret; exome data will contain the putative functional variants based on the increased likelihood of a missense mutation altering protein function.
The identification of low-frequency and novel missense variants in several GWAS and obesity genes suggests that whole-exome sequencing may be an effective strategy to identify novel missense variants associated with extreme obesity and related conditions. Knowledge of the genetic architecture of obesity and NAFLD may have several potential clinical implications, including identification of potential drug targets, stratification of clinical weight loss and NAFLD drug trials based upon genotype, and diagnostic tests. However, further determination of genotype and allele frequencies in larger cohorts is required. In addition, validation of these variants using orthogonal technologies, as well as in silico and/or in vitro and in vivo functional studies will be required to determine the potential role of these variants in extreme obesity.
